Abstract: Malaria is endemic in Ghana as in most countries of sub-Saharan Africa. This study was conducted to characterize Anopheles gambiae s.l. and determine pyrethroid resistance profiles relative to physicochemical properties of breeding habitats in Accra, Ghana. Eight aquatic habitats containing Anopheles larvae were identified and from each habitat, larvae and water were sampled. Adult An. gambiae reared from larvae were morphologically identified and tested for permethrin (0.75%) and deltamethrin (0.05%) resistance using WHO bioassay method. An. gambiae s.s. found were identified to their molecular levels and kdr mutation detected using PCR-based methods. Twenty-nine physicochemical parameters of each water sample were measured and their levels connected with pyrethroid resistance and proportions of An. gambiae s.s. molecular forms in habitats. A total of 2,257 mosquitoes were morphologically identified as An. gambiae s.l. and all 224 processed for PCR were identified as An. gambiae s.s., of which 56.46% and 43.54% were M and S-forms, respectively. Both forms occurred in sympatry in all larval habitats and no S/M hybrids were detected. However, M-form larvae were in high proportion in polluted habitats than the S-form. An. gambiae s.s. was highly resistant to both deltamethrin and permethrin with mortality rates of 42.98-70.0% and 6.5-20.0% respectively. The frequency of kdr mutation was 60.5 % (n=195). This mutation occurred in both S and M-forms, but was mainly associated with the S-form (X 2 =10.92, df =1, P=0.001). Carbonate and pH were both selected in discriminant function analysis as best predictors of high proportion of M-form in the habitats. The adaptation of An. gambiae s.s. in polluted aquatic habitats coupled with occurrence of insecticide resistance is quite alarming particularly for urban malaria control and needs further exploration in a wider context. _____________________________________________________________________________________________
Introduction
The Anopheles gambiae complex is established to contain the main vectors that transmit malaria parasite, Plasmodium falciparum in sub-Saharan Africa (WHO 2000) . Despite its importance as a vector, relatively little is known about the larval habitats`characteristics (Pfaehler et al., 2006) . A number of environmental variables have been identified to have either direct or indirect effects on mosquito oviposition (Rejmànkovà et al., 2005) , larval distribution, density and development (Gimnig et al., 2001; Oo et al., 2002; Mwangangi et al., 2007) as well as adult fitness (Briegel, 2003) . These are important determinants of adult distribution and abundance, which subsequently determine the geographical pattern of malaria infection. Traditionally, malaria control has been directed to the adult stages and studies of larval ecology have been thought to be irrelevant by some workers (Gimnig et al. 2001) . This has been the main reason for the dearth of information on factors affecting larval productivity and distribution.
The importance of An. gambiae complex stems from the fact that it is highly anthropophilic and has the capacity to exploit different kinds of habitats that are created either directly or indirectly by humans; ranging from temporary sunlit pools, water collected in depressed soil by livestock and in ditches resulting from construction to permanent water bodies in rice fields and irrigation canals. This adaptive flexibility in exploiting different larval habitats is evidenced by its wide geographical distribution and its occurrence in a variety of micro and macro environmental conditions throughout tropical Africa (Lanzaro et al. 1998 , Budiansky, 2002 .
In urban environment, Anopheles mosquitoes adapt to new breeding sites created by urbanization (Afrane et al., 2004) , and hence their ecology is likely to differ from the rural settings. The mosquito may breed in a variety of habitats in urban areas, including pools, borrow pits, trees holes, wells, puddles formed alongside lakes, footprints, vehicle ruts, gardens, water storage tanks, septic tanks, construction sites, drains and marshy areas (Afrane et al., 2004; Klinkenberg et al., 2005; Wang et al., 2005) . Most studies of Anopheles larval ecology have been conducted in rural settings, where unpolluted breeding sites are found and described more often (Sattler et al., 2005) , giving a biased impression. However studies conducted in Dares-Salaam, Tanzania revealed the presence of An. gambiae s.l. in sewage ponds and in swamps extremely polluted with organic matter (Sattler et al., 2005) . Studies in Lahore, Pakistan and Accra, Ghana, also indicated the adaptation of the An. gambiae s.l. to breeding in organically polluted water habitats (Sibomana, 2002; Mukhtar et al., 2003) .
The suitability of certain water bodies for An. gambiae s.l. breeding is a complex interplay of physical, chemical and biological parameters of water quality. In Benin, Akogbeto (1995) observed that population density and distribution of An. melas and An. gambiae s.s. were highly dependent on the level of urbanization and the salinity of a lagoon to the north of the capital city Cotonou. Elsewhere, physicochemical factors of the water, such as temperature, salinity, concentration of carbonates and nitrates have been shown to correlate with the presence or development quality of Anopheles larvae in pools (Robert et al., 1998; Gimnig et al., 2001; Oo et al,. 2002) . Gimnig et al. (2001) reported the association of An. gambiae s.l. with water turbidity, algae, the absence of emergent vegetation, and small habitats. As the result of its ability to adapt to a wide variety of micro and macro-environmental conditions, it is clear that An. gambiae s.l. can breed in nearly every kind of water accumulation in the urban settings (Sibomana, 2002; Sattler et al., 2005) as evidenced by its wide geographical distribution.
The diverse mosquito breeding habitats expose the larvae to bacterial toxins, plant allelochemicals, toxic phenolic products of plant degradation and environmental pollutants such as pesticides (Strode et al., 2006) . These have necessitated the development of extensive families of detoxification enzymes (cytochrome P450s, carboxylesterases and glutathione Stransfereases) as an adaptive response (Strode et al., 2006) . The extensive development of these enzymes may have an influence on emergence of insecticides resistance in Anopheles mosquitoes. Thus improving our knowledge of the bioecology of mosquito aquatic stages, with detailed analysis of factors that are essential to the maintenance of mosquitoes is critical for malaria control.
Though several studies on resistance of An. gambiae s.l. to insecticides have been conducted in Ghana (Adasi, et al., 2000; Adeniran, 2002; Otieno, 2004; Yawson et al., 2004; Achonduh, 2005; Kahindi, 2005) , it is still important to continue monitoring changing trends of resistance. The information provides a basis for ascertaining continued susceptibility to and efficacy of pyrethroids, and for vector insecticide resistance management. In an earlier study, Sibomana (2002) identified physico-chemical parameters of water that determine the distribution of An. gambiae s.s. larvae in Accra. However he did not attempt to differentiate the aquatic habitat usage of An. gambiae s.s. M and S molecular forms, neither did he look on the relationship between physico-chemical parameters of breeding water and distribution of insecticide resistance in An. gambiae s.s. Therefore this study was carried to characterize An. gambiae s.l. and determine their pyrethroid resistance profiles relative to physicochemical properties of their breeding habitats in the urban Accra in Ghana. Knowledge of the differences in aquatic habitat usage between the members of An. gambiae complex, molecular forms of An. gambiae s.s., and their insecticide resistance profile are important in understanding their adaptation to breed in polluted water and to effective malaria control strategies in the urban settings.
Materials and Methods

Study sites
Mosquito larvae and pupae and water from their habitats were collected from Metropolitan Accra, in the Greater Accra Region of southern Ghana. The Accra Metropolitan area is the country's biggest, most diverse and most cosmopolitan city with estimated population of 1.9 million people. Accra is located in the coastal savanna ecological zone, which is characterized by dry climatic conditions. It has two rainfall peaks, the first occurring April to June and the second from September to October. The region receives rainfall between 740 and 890mm per year. The lowest mean monthly temperature (about 26 o C) is recorded during August and the highest (about 30 o C) between March and April. The relative humidity throughout the year ranges between 65% and 75%. There are few streams and ponds which usually dry out during the dry season.
The study area was surveyed on foot to locate breeding sites. Samples were obtained from a variety of breeding sites, including gutters, ponds, and small pools of stagnant water, muddy water, and runoff from houses and irrigated vegetable farms at Korle-bu, Madina and Legon. The collections were conducted from September to December 2006. Sampling covered a period of the final part of a short rainy period and continued towards the dry period. Most of the breeding sites were shallow and exposed directly to sunshine with different qualities of water. Most water contained organic debris with filamentous green algae floating on the surface.
Field sample collections
Anopheles larvae identified from their horizontal position on the surface of water and other species identified by their angular position were carefully collected with a 350ml dipper and transferred into 5000ml plastic containers which were then loosely capped to allow aeration. Water samples were collected immediately thereafter into a 1.5l plastic bottles for physicochemical analyses. For the estimation of dissolved oxygen (DO), a 300-ml brown glass bottle (covered with aluminium foil to shield its content from light), was filled almost to the brim and 2ml of manganese sulphate solution, and 2ml of alkali-iodide-azide solution added to fix the 4 oxygen. The temperature of each habitat was also recorded as well as its geo-location using a global positioning system (GPS). To control for variability of water parameters, the sampling for each breeding site was done only once between 11.00 and 13.00hrs. The samples were then transported to the laboratory under cool conditions.
Laboratory rearing of mosquitoes
Once in the insectary of Noguchi Memorial Institute for Medical Research (NMIMR), the water with pre-adult mosquitoes was poured into plastic trays (5cm x 27cm x 36cm) to a depth of approximately 2cm and each tray labelled to reflect the site and date of collection. The trays containing mosquito larvae were kept at 27-30 o C and 76±5% relative humidity with a 12h:12h light and dark cycle. Every two days, about 200mg of ground Nutrafin goldfish food (Rolf Hagen, USA) was used to feed the larvae. The development of the larvae were monitored regularly and all those that pupated collected into shallow plastic cups /small beakers using Pasteur pipettes, and then placed in appropriately labelled cages for adult emergence. All emerged mosquitoes were fed on 10% sugar solution imbibed in cotton wool. Only 2-5 days old female adult mosquitoes were picked from the cages and used for bioassays. Where the number of adults emerged were not enough to run the insecticide susceptibility test, they were made to feed blood from guinea pig to lay eggs. In such cases F1 were used for the bioassays test.
Identification of Anopheles mosquitoes
All the adult mosquitoes were separated from other species by morphological means (Gillies & de Meillon 1968; Gillies & Coetzee 1987) to the genus and in the case of anophelines to the species level. An. gambiae s.l. genomic DNA was extracted using the method of Collins et al. (1987) and Polymerase Chain Reaction (PCR)-based methods were used for the identification of the member species of An. gambiae complex (Scott et al. 1993) . Identification of An. gambiae s.s. molecular forms was based on PCR-restriction fragment length polymorphism method of Fanello et al. (2002) . Amplified fragments were analysed by electrophoresis on a 2% ethidium bromide agarose gel and were visualised under ultraviolet light.
Insecticide susceptibility/resistance bioassay tests
Insecticide susceptibility/resistance bioassay tests were carried out using susceptibility test-kits (WHO, 1975) and standard procedures (WHO, 1998) with 5 replicates of 20-25 non-blood-fed adult female mosquitoes of 2-5 day-old per test tube. Mosquitoes were exposed to papers impregnated with the WHO recommended discriminating concentration (v/w) of 0.05% deltamethrin and 0.75% permethrin prepared at University Saint Malasyia (WHO, 1998). These two insecticides were chosen because they are recommended by WHO and used in Ghana for the treatment of mosquito nets and also used to control agricultural pests. The controls were exposed to non-impregnated papers. During the exposure period, the number of mosquitoes knocked down (KD) was recorded after 5, 10, 15, 20, 30, 40, 50 and 60 minutes. Mosquitoes were then transferred into the holding tube and fed on glucose solution. Where the number knocked down after 60 minutes is less than 80%, number knocked down were recorded for further 20min (i.e. after 80min) in the holding tube. Mortality was recorded 24hr post-exposure. Times for 50% and 90% knockdown (KDT50 and KDT95) were assessed using log-probit analysis.
Detection of knock down resistance (kdr) alleles in Anopheles gambaie s.s.
PCR genotyping to detect the standard Leu-Phe 'kdr' allele (conferring knockdown resistance to pyrethroids) was performed on An. gambiae s.s. using Martinez-Torres et al. (1998) technique. The amplified fragments were analysed by electrophoresis on a 2% ethidium bromide agarose gel and were visualised under ultraviolet light.
Physico-chemical parameters of water samples
A total of 29 parameters were measured from the total of eight water samples collected from eight An. gambiae breeding sites using standard methods described by American Public Health Association et al. (1998) . These were turbidity, temperature, pH, electrical conductivity, suspended solids (SS), total dissolved solids (TDS), total hardness, total alkalinity, calcium hardness, magnesium hardness, biological oxygen demand (BOD), chemical oxygen demand (COD), dissolved oxygen (DO), sodium, potassium, calcium, magnesium, total iron, ammonium, chloride, sulphate, silica, nitrite, nitrate, phosphate, fluoride, bicarbonate and carbonate.
Data Analysis
Percent mortality was corrected by Abbott's formula when mortality in control replicates was >5% (Abbott, 1925) . Tests where control mortality exceeded 20% were excluded from analysis. The KDT50 and KDT95 values were estimated from the time-mortality regression using Probit analysis (Finney, 1971) . A one-way analysis of variance (ANOVA) was used to compare insecticide resistance profiles in different breeding sites. Chi-square test (X 2 ) was used to test for relationships between molecular forms and kdr allele. The principal component analysis (PCA) was used to examine the relationships (interaction effects) among all 29 physicochemical parameters of water measured. The relationship between physiochemical properties of water, distribution of An. gambiae s.s. molecular forms and kdr allele, and insecticide resistance profiles was determined using correlation coefficient and multiple regressions. To select water parameters, which were most useful in distinguishing the habitats of An. gambiae s.s. M-form and S-form, discriminant function analysis (DFA) was used. All levels of statistical significance were determined at P<0.05. Statistical analyses were carried out using SPSS version 11.5 for Windows (SPSS Inc, USA).
Results
Identification of An. gambiae species complex
A total of 2,257 mosquitoes selected from eight breeding sites were morphologically identified as An. gambiae s.l. Of these, 224 An. gambiae s.l. were processed for molecular identification and all identified as An. gambiae s.s. This was indicated by the diagnostic size of amplified DNA fragment which is 390 bp. Of the 224 An. gambiae s.s., 209 were further identified to their molecular forms. Out which, 118 (56.46%) were M-form while 91 (43.54%) were S-form. The M and S forms were sympatric in all eight breeding sites (Table 1) . (Tables 2, 3 ). The median knockdown time (KDT50) obtained from time-mortality regression using Probit analysis ranged from 106.41 to 161.15min while the KDT95 ranged from 158.24 to 256.50 min for permethrin. The KDT50 for deltamethrin ranged from 43.21 to 76.36 min and KDT95 from 72.99 to 120.97 min. At both KDT50 and KDT95 levels, there was overlap of the 95% confidence limits for the samples from seven different breeding sites, an indication of no variation in KDT between sites for both permethrin and deltamethrin (Tables 2, 3 ). The response (in knockdown time) of the An. gambiae when exposed to the two insecticides is shown in Figures 1 and 2 . Physicochemical parameters of An. gambiae s.l. breeding habitats A total of 29 parameters of water comprising of 13 physical and 16 chemical were measured from the total of eight water samples collected from eight breeding sites (Table 5 ). These breeding sites were from three sampling areas namely Korle-bu, Madina and Legon. Turbidity was higher (>1000 NTU) for the Korle-bu sampling sites, moderate (340-663 NTU) in Madina and Legon, and lower (10-40 NTU) for those at Madina sites II and III. There was significant variation in turbidity among these three sampling areas (F= 48.749, df=2, P=0.001 Physicochemical parameters of water for Madina III sampling site, which was taken as an example of a typical breeding site for Anopheles mosquitoes, were also compared with those from the other seven breeding habitats. This breeding habitat recorded low levels of the following; turbidity of 10 NTU, pH was 7.1, total suspended solids (TSS) was 7 mg/l, dissolved oxygen (DO) was 5.8 mg/l, biological oxygen demand (BOD) was 16 mg/l, ammonium concentration was <0.005 mg/l, phosphate was <0.005 mg/l and nitrite was <0.005 mg/l. There were however no significant differences (ANOVA, P>0.05) with the other seven breeding sites. Madina III also recorded significantly (F=12.688, df=1, P=0.012) high value of conductivity of 14,000 ųS/cm. Similary, water parameters that correlated positively with conductivity, also recorded significantly higher values at this site (Madina III) compared to those of the other seven sampling sites. These were TDS (F=27.922, df=1, P=0.002 
000).
The principal component analysis (PCA) was used to examine the relationships (interaction effects) among all 29 physicochemical parameters of water. The first three components (PC1, PC2, PC3) cumulatively explained 86.1% of the variation observed among the different mosquito breeding habitats. Sulphate, sodium, TDS, chloride, conductivity, potassium, bicarbonates, calcium, magnesium, total alkalinity and water hardness (total hardness, calcium hardness and magnesium hardness) contributed the most to explain the variation in the first component. Carbonate, pH, turbidity, DO, temperature and fluoride contributed the most to explain the variation in the second component; and Nitrite, COD, TSS, BOD and manganese in the third component. Multiple regression analysis was further performed on the significantly correlated parameters to select the best predictors of high proportions of An. gambiae s.s. M-form. The pH and carbonate were selected as the best predictors in the model (P=0.001). These together accounted for 91.3% of the total variation observed. This was further confirmed by stepwise discriminant function analysis, where pH and carbonate were still the best discriminatory parameters between high/low proportion of An. gambiae s.s. M-form larval habitats (P=0.001). To determine which of the non-selected parameters were associated with pH and carbonate, and thus acting as indirect predictors of proportions of An. gambiae s.s. M-form, multiple regression analyses were performed using these as dependent variables. The analysis revealed that DO, fluoride and temperature were the best variables, together accounting for 97.2% of the variation existing in pH. Turbidity and total iron were the best variables associated with carbonate, together accounting for 93.4% of the variation observed in carbonate. The frequency of kdr mutation gene correlated with fluoride (r= 0.731, P=0.039). Discriminant function analysis was performed where all kdr frequencies of more than 50% were classified as "kdr+ve" and frequency of 50% and below as"kdr-ve". This analysis revealed that total hardness and silica were the best discriminatory parameters between "kdr+ve"/ "kdr-ve" in An. gambiae s.s. larval habitats (P=0.000). 
Physicochemical parameters of breeding habitats and distribution of
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Discussion
In this study An. gambiae s.s. was the only member of the An. gambiae complex found in the study area. This finding is consistent with earlier studies in the grater Accra Region (Appawu, 2001; Midega, 2001; Adeniran, 2002; Sibomana, 2002; Otieno, 2004; Achonduh, 2005) . The two molecular forms of An. gambiae s.s. were sympatric in all eight sampling sites. This results agree with surveys in Mali, where M and S forms were sympatric in many larval sites (Edillo et al., 2002) , as was the case for An. gambiae s.s. and An. arabiensis in Kenya (Gimnig et al., 2001) . However, sympatry does not necessarily mean that the two forms have the same ability to exploit these shared habitats. This can be clearly shown by difference in their proportions in the breeding sites. The M-form predominated all Korle-bu sampling sites and Madina I while the Sform predominated the rest of sites at Madina and Legon. Korle-bu is low laying area that is normally flooded during rain season and is popularly used for irrigated urban vegetable farming all the year round. The M form may therefore have predominated Korle-bu probably due to the proximity of the permanent breeding conditions provided by urban agriculture. The M form of An. gambiae is known to be associated with urban environment and flooded/irrigated sites, typified by extensive cultivation, whereas the S form is characteristically found in temporary, rain-dependent breeding sites Diabate´ et al., 2003) . No hybrid M/S form individuals were detected in any of the collection sites, although low levels of hybridization between M and S molecular forms have been reported to occur elsewhere (della Torre et al., 2001; Tripét et al. 2001; Taylor et al., 2001) . The lack hybrid M/S form in this study were consistent with previous studies in Cameroon, Ghana and Angola (Wondji et al., 2002; Yawson et al., 2004; Cuamba et al., 2006) . This lack of M/S hybrids in the field is hypothesized to be due to partial reproductive isolation among molecular forms, with gene flow occurring only in certain geographical locations or at certain seasons (Black & Lanzaro, 2001) .
Susceptibility test results generally showed high levels of resistance to both deltamethrin and permethrin in the field populations of An. gambiae. At all sites, the populations of An. gambiae tested showed high levels of resistance to deltamethrin and higherlevels to permethrin. This high level of resistance recorded in this study is strongly supported by increased median knockdown time (KDT50) as compared to the previous study done in Accra (Achonduh, 2005) . Higher KDT50 values in the field population have been suggested to give an early indication of the involvement of kdr mechanism of resistance (Chandre et al., 1999a,b) . Generally, these results are consistent with those of other studies conducted in Accra (Adasi et al., 2000; Adeniran, 2002; Achonduh, 2005) and in Volta Region (Kahindi, 2005) , where An. gambiae s.l. has been reported to be resistant to pyrethroids and DDT.
The PCR analysis to detect the molecular basis of insecticide resistance revealed high frequency of the kdr gene mutation. The observed high frequency of resistant phenotype of kdr is supported by the high increase in knockdown times in field populations. This high kdr frequency by no means accounts for the very low mortalities observed in field populations with permethrin and deltamethrin. These results also agree with previous studies in Accra (Adasi et al., 2000; Adeniran, 2002; Achonduh, 2005) and Volta Region (Kahindi, 2005) of Ghana. The kdr gene mutations occurred in both S and M forms, but it was found to be mainly associated and at high frequencies in the S form. This high frequency of kdr mutations in S form and its low/absence in the M has also been reported in previous studies in Ghana (Yawson et al., 2004) , Burkina Faso (Diabate et al., 2003; Yawson et al., 2004) , Côte d'Ivoire (della , Nigeria (Awolola et al., 2003) and Mali (Fanello et al., 2002) . In Benin, Corbel et al. (2004) recorded high kdr frequencies in M form where as, in this study high kdr frequencies in M form were recorded at Korle-bu sampling sites. Also these kdr frequencies in the M-form registered significant association with Korle-bu sampling sites and not with other sites. What exactly causes this spatial variation in kdr frequencies in the M form is could not be determined. It has been postulated that the kdr mutation reached the M form through introgression from the S form (Weill et al., 2000) , although further work will be necessary to determine if this has occurred in our local study populations (Yawson et al., 2004) .
Larvae of An. gambiae s.l. normally inhabit diverse small water bodies that are often numerous, scattered, sunlit, turbid, temporary, and close to human dwellings (Gimnig et al., 2001) . These habitats differ in physical as well as biological characteristics, which directly influence the distribution and abundance of larval mosquito populations in nature. In this study, of the 29 water parameters measured, only turbidity, pH, temperature and carbonate differed significantly among three sampling areas (Madina, Legon and Korle-bu). Differences in water quality in these three different areas may be due to influence by rock and soil chemistry, and human activities. On the other hand, the low levels of ammonium, nitrite, turbidity, phosphate, TSS, BOD and DO recorded at Madina III sampling site which in this case was regarded as a typical breeding site (control) for An. gambiae, is an indication of low level of pollution at this site. Thus to say, high levels of these water parameters in the other sampled habitats (especially those at Korle-bu and Madina I), is a good indication of high level of pollution at these sites.
In this study the immatures of An. gambiae s.s. M form habitats were associated with turbidity, pH, temperature, DO, ammonium, phosphate, fluoride and carbonate. In breeding sites with high values of these parameters, high proportion of M form were much more likely to be recorded, whereas S form larvae were much more likely to be in low proportion. The association of An. gambiae s.s. M form habitats with high levels of ammonium, which is one of the main determinants of water pollution, is a clear indication of its adaptation to breed in polluted water. However multivariate factor analysis selected only pH and carbonate as the major variables that determine the high proportion of M form. In contrast, studies in Mali by Edillo et al. (2006) did not detect any associations between the species or molecular forms and any physicochemical variables of water, except conductivity and TDS.
The pH of water is dependent on the concentrations of anions, cations, salts and synthetic compounds which indicate its acidic or basic character (Bos, 1991) . Therefore, it may be direct or indirect determinant of any aquatic life. Apart from direct effect which is not clearly known, anions and cations may also indirectly affect mosquito breeding by favouring certain types of aquatic vegetation or organisms on which mosquito larvae feed or by affecting potential biological control agents of mosquito larvae (Bos, 1991) . Further analysis indicated that DO, fluoride and temperature were the main variables contributing to the variation in pH, while turbidity and total iron were the main factors for the variation in carbonate. This indicates that these parameters have indirect effects on the suitability of a habitat for these two molecular forms. For example optimum temperature is said to be important for microbial growth upon which mosquito larvae depend on (Ramachandra Rao, 1984) .
Though not basing on molecular forms of An. gambiae, studies elsewhere supports this findings as they recorded association between water turbidity and breeding habitats for An. gambiae (Gimnig et al., 2001; Sibomana, 2002; Ye-Ebiyo et al., 2003) . However, the simple definition of "turbidity" which favours Anopheles larvae in a habitat might not be precise enough. This is because water which is turbid from particles not nutritious for Anopheles larvae could disfavour the growth and development of larvae, while water turbid from food particles represents a very suitable habitat. In a study by Reisen et al. (1981) , DO and pH were the major variables in Anopheles breeding habitats. However, the role of DO as a potentially significant variable as found in several studies is interesting and needs further exploration. Mosquito larvae are air-breathing, and this raises the question as to whether it is oxygen per se, or an associated physico-chemical or biotic factor that influences the occurrence and abundance of this species.
It is speculated that the M and S forms contrast significantly in their way of exploiting limiting resources in their habitats . This is shown in the current study and is consistent with a study by Diabate et al. (2005) . Diabate et al. (2005) suggested that both forms successfully exploit different habitats with regard to the chemical, physical, and microbiological conditions. However it is possible that the forms differ in utilizing these limiting resources along with other variables not measured, but are known to influence the suitability of certain water bodies for An. gambiae s.l. breeding. These include bacterial composition (Gimnig et al., 2002) , chlorophyll (Gimnig et al., 2002; Mwangangi et al., 2007) , detritus (Merritt et al., 1992) , and maize pollen (Ye-Ebiyo et al., 2003) .
This study showed that the occurrence of deltamethrin resistance to An. gambiae was positively associated with ammonium and fluoride. It also showed that permethrin resistance was negatively associated with TSS, ammonium, and nitrate and that fluoride and nitrite were selected as the best predictors for deltamethrin and permethrin resistance respectively. Since ammonium level (>1 mg/l) is an indication of how polluted the site is, it can be said that, resistance of An. gambiae to deltamethrin is an influencing factor for their breeding in this polluted water. Though nitrites and fluoride were found as predictors of pyrethroid resistance, the mechanisms underlying the influence of these water parameters in the occurrence of pyrethroid resistance and/or the influence of pyrethroid resistance on adaptation of An. gambiae to polluted habitats are not well understood and needs further exploration.
Total hardness and silica were the best discriminatory parameters of "kdr+"/ kdr-" in An. gambiae s.s. larval habitats. Total water hardness is affected by other factors such as TDS, conductivity, Na, K, Ca, Mg, Cl, SO4, and HCO3. However the involvement of these water parameters in the occurrence of kdr mutation gene in An. gambiae is not well understood and need to be studied. Apart from physicochemical properties of breeding habitats determined in this study, other factors such as insecticide residue in water and soil, may have contributed to the occurrence of both pyrethroid resistance and kdr mutation in An. gambiae population. Thus, apart from water parameters, the pyrethroid resistance observed in this study could be due to the selection pressure resulting from continuous exposure to insecticides used in both public health (Adasi et al., 2000) and urban agriculture (Achonduh, 2005) .
Currently, the most advocated worldwide malaria vector control strategy appears to be the use of insecticide (pyrethroid) -treated nets (ITN). The evolution of pyrethroid resistance poses a threat to this strategy. In this study, resistance was generally high against deltamethrin and permethrin, which are commonly used for impregnating bednets and curtains as well as indoor residual spraying against mosquitoes. This could have serious implications in malaria transmission as well as compliance to ITN programmes. It has already been pointed out that any failure in nuisance control due to resistance is likely to demotivate people in using impregnated materials . However to compromise vector control with insecticides, the level of resistance must be high enough to adversely affect disease transmission and in many cases, vector control may not be affected by the observed levels of resistance in the vectors (Brogdon & McAllister, 1998) . Even in areas of high pyrethroid resistance and high kdr gene frequency in An. gambiae, deltamethrin treated mosquito nets remain effective in vector control and should still be considered as a practical means of personal protection against malaria (Darriet et al., 2000) . Thus in this situation, increasing surveillance and monitoring level and frequency of resistance would be sufficient before the need for considering change in control methods.
The adaptation of An. gambiae in polluted aquatic habitats coupled with occurrence of insecticide resistance is quite alarming especially for urban malaria control. This adaptation may lead to the occurrence of malaria transmission throughout the year as opposed to its normal seasonal transmission pattern in urban settings as a result of abundance of their suitable breeding habitats created by urbanization which occurs in many parts throughout the year. Although these finding seems to indicate a difference in aquatic habitat usage between molecular forms of An. gambiae s.s., it does not suggest that the spatial segregation between them is determined by larval adaptations to different habitats. Findings from this study suggest that adaptation of An. gambiae s.s. to breed in polluted water may be influenced by their insecticide resistance status and vice versa. However, these findings should be considered preliminary because this is the first study relating physicochemical properties of water and insecticide resistance in the urban settings and that it involved few sampling sites. Thus it is recommended that a similar study be carried out on a larger sample size within urban Accra and in similar cities in Africa. Other factors in mosquito larvae habitats which may have influence on insecticide resistance such as insecticides residues levels should be investigated together with physicochemical properties of water. Since mosquito diverse larval diets and habitats have an influence on the development of extensive families of detoxification enzymes as an adaptive response in mosquitoes which in turn may influence their ability to withstand insecticides, it is recommended that such a study be carried out to ascertain enzyme activity profiles in relation to physical, chemical and biological parameters of water. Also other environmental factors such as bacterial composition, chlorophyll, detritus, and maize pollens may influence the suitability of certain water bodies for An. gambiae breeding together with physical and chemical parameters of water quality, and may need to be explored. would like to thank the staff of analytical laboratory of the Water Research Institute for their immense help in water analyses.
